Abstract. Fabric (distribution of crystallographic orientations) along the full NEEM ice core, Greenland was measured in the field by an automatic ice texture analyzer every 10 m, from 33 m down to 2461 m depth. The fabric evolves from a slightly anisotropic fabric at the top, toward a strong single maximum at about 2300 m, which is typical of a deformation pattern mostly driven by uniaxial compression and simple shearing. A sharp increase in the fabric strengthening rate is observed at the Holocene to Wisconsin (HW) climatic transition. From a simple model we estimate that this depth is located at a transition from a state dominated by vertical compression to a state dominated by vertical shear. Comparisons are made to two others ice cores drilled along the same ridge; the GRIP ice core, drilled at the summit of the ice sheet, and the NGRIP ice core, drilled 325 km to the NNW of the summit along the ridge, and 365 km upstream from NEEM. This comparison tends to demonstrate that the ice viscosity change with the HW climatic transition must be associated with the shear-dominated state to induce the abrupt fabric strengthening observed at NEEM. This comparison therefore reflects the increasing role of shear deformation on the coring site when moving NW along the ridge from GRIP to NGRIP and NEEM. The difference in fabric profiles between NEEM and NGRIP also evidences a stronger lateral extension associated with a sharper ridge at NGRIP. Further along the core, centimeter scale abrupt texture (fabric and microstructure) variations are observed in the bottom part of the core. Their positions are in good agreement with the observed folding layers in Dahl-Jensen et al. (2013) .
tension axis (Gow and Williamson, 1976; Alley, 1988; Paterson, 1994) . The fabric profile along a core is then a good candidate to evaluate the nature of the flow and to extract irregularities in the deformation history if present. In the specific case of a perfect dome, the ice deforms solely by uniaxial compression along the vertical direction (Alley, 1988) . Fabric therefore concentrates toward the compression direction with increasing compressive strain with depth. This is qualitatively confirmed by the fabrics measured along cores, such as those of Greenland GRIP (Thorsteinsson et al., 1997) , and Antarctic Dome Fuji (Azuma et al., 1999) , EPICA Dome C (Wang et al., 2003; Durand et al., 2009) , and Talos Dome (Montagnat et al., 2012) , which are all located close to topographic domes. At NGRIP, Greenland (Wang et al., 2002) , Vostok (Lipenkov et al., 1989) , and EDML (Bargmann et al., 2011; Faria et al., 2014) , Antarctica, a vertical girdle-type fabric is observed, which characterizes regions with a component of horizontal tension associated with an asymmetry in the two lateral extensions.
The fabric depth profile along ice cores generally follows a continuous trend. Departure from this trend can be attributed to dynamic recrystallization processes such as those observed at the deepest part of the GRIP ice core (Thorsteinsson et al., 1997) and the GISP2 ice core , as well as at various depths in the Siple Dome ice core, Antarctica (Diprinzio et al., 2005) . They may also be attributed to a positive feedback between variations in ice viscosity, which can be related to variations in dust content and/or initial fabric at deposition, and the impact of a shear stress component that is increasing with depth. This was observed at EPICA Dome C at 1750 m depth during termination 2 (Durand et al., 2007) and for the Holocene-Wisconsin transition at Dye 3 (Thorsteinsson et al., 1999) and Talos Dome (Montagnat et al., 2012) .
The 2540 m long NEEM ice core was drilled during field seasons 2008 to 2012 (77.45 • N, 51.06 • W, surface elevation 2450 m, mean annual temperature −29 • C, accumulation of 0.22 m ice equivalent yr −1 ) . The drill site (Fig.1 ) is located downstream of the ice ridge that runs NNW from the summit of the Greenland ice sheet where the GRIP core was extracted (Dansgaard et al., 1993) . Along this ridge towards Camp Century, the NGRIP ice core site is located 325 km to the NW of GRIP, and 365 km upstream from NEEM .
The GRIP, NGRIP, and NEEM ice cores were drilled with the major objective of retrieving climatic information from the last interglacial period, the Eemian (between 130 000 and 115 000 yr ago), during which NEEM surface temperature was estimated to be about 8 ± 4 • warmer than today (DahlJensen et al., 2013) . Stratigraphic disturbance in the bottom of the GRIP ice core prevented the core from revealing climatic information from this period of time (Chappellaz et al., 1997; Suwa et al., 2006) . Layering in the deepest 10 % of the core was shown to be inclined by about 20 • , and discontinuous layering as well as small-scale folds have been observed (Bamber et al., 2013) and location of the GRIP, GISP2, NGRIP, NEEM and Camp Century drilling sites. Contours are every 50 m. A flow line following the greatest slope along the NNW ridge is shown in blue. (Alley et al., 1995) . The NGRIP core proved to be located on a zone of high heat flow from the underlying crust (DahlJensen et al., 2003) . This heat melted the basal ice, eliminating the oldest ice layers, and only the last few millennia of the Eemian could be retrieved (Cuffey, 2004) . The high melting at the bottom of the NGRIP core significantly reduced the thinning of deep ice layers, allowing an annual resolution of the glacial-onset record (Svensson et al., 2011) .
The upper 1419 m of the NEEM ice core covers the current interglacial, the Holocene, and the glacial ice is found down to 2206.7 m depth. Below this, the ice is disturbed and folded to some degree, but the Eemian record could be reconstructed from folded ice using globally homogeneous parameters known from other dated Greenland and Antarctic ice core records .
Fabric measurements
The NEEM fabric data were measured in the field, at the NEEM camp, during field seasons 2009 to 2011, from 33 m to 2461 m depth at a 10 m resolution. First, vertical thin ice core sections were produced directly from the extracted cores, except for the brittle ice zone that was drilled in 2009 but studied at the NEEM site in 2010. The brittle ice zone, extending from about 600 m to 1300 m depth, corresponds to ice highly affected structurally by the pressure from air bubbles that have not yet turned into clathrates (Lipenkov, 2000; Kipfstuhl et al., 2001) . A 1-year period is considered necessary to relax these constrains enough for ice to be processed.
The raw fabric data were obtained using two automatic ice texture analyzers (AITA) (Russell-Head and Wilson, 2001 ) of similar versions. The AITA provides c axis orientations from thin sections of dimensions up to 12 × 12 cm 2 , at a resolution of 43 µm length for the older version (season 2009), and of 20 µm length for the more recent one (season 2010). Orientation measurements are provided together with a quality factor that enables the elimination of sample areas with too much uncertainty, such as grain boundaries (Peternell et al., 2011) . A threshold value for this quality factor was chosen at 70 % for all the thin sections studied.
The c axis orientation c k is defined by two angles: the colatitude θ k ∈ [0, π/2] (or tilt angle) and the longitude ϕ k ∈ [0, 2π] given in the local reference frame, R, with the third axis perpendicular to the thin section plan. The expression of c k in this reference frame is
The orientation data can further be represented in pole figures, which are stereographic projections of the c axis distributions (Fig. 3) . Following a well-known procedure (Wallbrecher, 1986; Thorsteinsson et al., 1997; Durand et al., 2006a) we represent the fabric using the second-order orientation tensor a (2) and its eigenvalues a (2) i (i = 1,2,3). The eigenvalues of a (2) can be seen as the lengths of the axes of the ellipsoid that best fits the density distribution of grain orientations. The eigenvectors give the directions of the axes of the ellipsoid.
The three eigenvalues a
2 and a
3 follow the relations
For an ideal isotropic fabric, a
3 = 1/3, and when the fabric is transversely isotropic, two of the eigenvalues are equal:
2 > 1/3 for a perfect vertical girdle fabric.
From a similar treatment of fabric data from the Talos Dome ice core (Antarctica), Montagnat et al. (2012) showed that the error made on the eigenvalues of a (2) , associated with the analyzer measurement by itself, is very small. In particular, it is negligible compared to that induced by a sampling on a limited number of grains. This last error was estimated by Durand et al. (2006a) using a 3-D Potts model to evaluate the influence of the undersampling of a sample of 10 000 grains of the same size, on the evaluation of the orientation tensor eigenvalues. They obtained a relation between the error (E r ), the number of grains in the thin section, N g , and the eigenvalues. Although the grain size evolution along the NEEM core is not presented here, a few grain size data were measured and used to provide the error on the eigenvalues presented in the Fig. 2. 
Results

Fabric evolution with depth
Fabric as a function of depth is presented in Fig. 2 , using the three eigenvalues of the orientation tensor a (2) , together with the δ 18 O record of NGRIP transferred to the NEEM depth scale using the chronology. This record can be used as a climate proxy, as it is known to show the same climate variability as that of NEEM (the NEEM δ 18 O record is not available yet). The error bars correspond to the standard deviation due to the limited number of grains on the thin section, as explain in Sect. 2. The level of uncertainty induced by the undersampling over a limited number of grains appears to be of the same order of magnitude as the variability with depth. Figure 3 provides a direct view of the microstructure evolution (grain size and shape) along the core, together with a horizontal pole figure representation of the fabric evolution, from selected depths. Although grains are very small at the top of the core, the fabric is not isotropic, as shown by the slight clustering (a (2) 1 ≥ 0.45). Grain size increases and fabric progressively clusters with depth until close to the HW climatic transition, where grain size is strongly reduced and fabric abruptly strengthens to a strong single maximum. The eigenvalue variability with depth is quite small just below the transition, until about 1800 m depth, where this variability starts increasing. The bottom part of the core (below about 2200 m) is characterized by layers of large interlocked grains with multi-clustered fabric alternating with layers of smaller grains with highly clustered single-maximum fabric.
Comparison with the GRIP and NGRIP ice cores
Fabric along the NEEM ice core is compared to that along the GRIP ice core (Thorsteinsson et al., 1997; Svensson et al., 2009) (Fig. 4) and the NGRIP ice core (Wang et al., 2002) (Fig. 5 , Svensson et al., 2009) .
The GRIP ice core was drilled at the present-day summit of the ice sheet, NGRIP was drilled about 325 km away along the NNW ridge, and the NEEM ice core, located 365 km further, is close to a divergence departure point of the ridge line (Fig. 1) . The main characteristics for the three coring sites are given in Table 1 .
The shape and intensity of the fabrics in ice cores mainly depends on the strain history. Therefore, the interpretation of the fabric differences between the cores requires estimates of the strain-rate histories experienced by the ice. Here we provide estimates of the current strain rates at the core locations as a function of depth. Our main goal is to estimate the 3 ) (Thorsteinsson et al., 1997; Svensson et al., 2009) . Arrows indicate the HW climatic transition (NE: NEEM, GR: GRIP). Top axes: approximate age scales for both cores.
depth at which vertical shear strain rates become dominant over vertical compressive strain rates.
A rough first estimate of the mean vertical strain rate D zz can be obtained from the ratio between the annual ice accumulation a and the ice thickness H (Table 1 ). This ratio is of a similar order of magnitude at the three sites, between 6 and 9 × 10 −5 a −1 . Furthermore, surface vertical strain rates were measured directly using a phase sensitive radar system near the GRIP and NEEM sites (Gillet-Chaulet et al. 3 ) (Wang et al., 2002; Svensson et al., 2009) . Arrows indicate the HW climatic transition (NE: NEEM, NG: NGRIP). Top axes: approximate age scales for both cores. average values are 9.5 × 10 −5 a −1 and 11.5 × 10 −5 a −1 , respectively. Hvidberg and Keller (2002) used surface velocity measurements in the NGRIP area to calculate surface strain rates in the direction transverse to the ice-divide ridge and obtained 7.4 × 10 −5 a −1 . For the evolution with depth, we assume that vertical strain rates along the cores follow a Dansgaard-Johnsen profile (Dansgaard and Johnsen, 1969) , that is, the strain rate is constant in the upper two-thirds of the ice thickness and then linearly decreases to zero at the bottom. Because the three cores have similar conditions, only one profile of the vertical strain rate, representative of the three cores, is shown in Fig. 6 , where the surface vertical strain rate is chosen as 10±1×10 −5 a −1 and the ice thickness ranges from 2540 m (NEEM thickness) to 3085 m (NGRIP thickness). We do not estimate here the two other longitudinal components of the strain-rate tensor (horizontal components) as they are difficult to quantify from topographic considerations. However, as NEEM and NGRIP are located on the ridge, we can anticipate an asymmetry between the horizontal strain rates along and perpendicular to the ridge. The vertical shear stress along the cores S xz , in a local reference frame where x is aligned with the surface slope direction, is estimated using the shallow ice approximation (Greve and Blatter, 2009 ):
with ρ being the ice density, g the standard gravity and z the depth from the surface. Surface slope ds/dx is given in Table  1 . The shear strain rate D xz is then estimated using Glen's flow law with a stress exponent n = 3 (Glen, 1955) :
The rate parameter A(T ) depends on temperature T following an Arrhenius law. Estimates of the shear strain rate along each core, assuming an uncertainty on the surface slope of ±0.2 m km −1 , are shown in Fig. 6 . Shear strain rates equals the vertical strain rates at ∼ 1650 m at NEEM (65 % of H ), ∼ 2250 m at NGRIP (73 % of H ) and ∼ 2400 m at GRIP (79 % of H ). These estimates of the strain rates along the cores do not take into account possible effects of the ice mechanical anisotropy induced by the fabric development or change in viscosity related with impurity content. Furthermore, the ice in the cores may have been deposited few kilometers to tens of kilometers upstream of the core locations, especially for NGRIP and NEEM (DahlJensen et al., 2013) , and then may have experienced a more complex strain-rate history than what is reflected by our estimates. The existence of disturbed layers is also confirmed in highresolution fabric and microstructure data. Figure 7 represents the NEEM stable water isotope record with emphasis on the discontinuities, together with microstructures and vertical fabric pole figures from around these discontinuities.
Accurate fabric measurements between 2200 and 2400 m depth reveal several abrupt transitions from "regular" grain size and "single maximum type" fabric to large grain size and multi-clustered fabric, just in the vicinity of the δ 18 O ice discontinuities (Fig. 7) . These transitions were found between 2208 and 2214 m, 2258 and 2263 m, and between 2362.9 and 2363 m depth, where the discontinuity can be captured within a single 10 cm thin section. Data measured at 2214 m depth is very similar to that measured at 2263 m, and measurement at 2258 m is very close to what is observed at 2362 m depth (with a slight tilt in the fabric, which could have been introduced during sample preparation). The abrupt transition observed in texture between 2329.4 m and 2329.8 m depth does not correspond to any discontinuities in the stable isotope signal.
In order to provide folding between layers, a shear strain should be superimposed on the axial strain, and some irregularities in the viscosity between layers should exist (Gow and Williamson, 1976; Alley et al., 1997) . Such irregularities, from microstructure and fabric observations, appear here at a small scale, and could be inherited from initial variability (conjugate effect of dust content, initial fabric and strain history). Below each abrupt transition, the fabric and microstructures measured reveal the occurrence of dynamic recrystallization (DRX) because of the large interlocking grains and loose or multiple maxima fabrics ( Thorsteinsson et al., 1997; de la Chapelle et al., 1998; Duval et al., 2000) (Fig. 7) . This would be very coherent with the analyses of Wilson et al. (2003) whereby folding is based on experimental observation and who suggested that, although an initial perturbation in local viscosity is required, DRX could enhance folding by increasing local strain rate in the folded area.
Discussion
The fabric profile along the NEEM ice core presents the classical feature of a progressive c axis orientation strengthening with depth toward a single maximum. This feature is typical of a deformation pattern mostly driven by vertical compression and simple shearing that is observed in many ice cores retrieved from ice divides, such as GRIP, EPICA Dome C, and Talos Dome ice cores.
The initial fabric measured in the firn (from 33 m depth downwards) is not isotropic. This observation supports those from the EPICA Dome C ice core , the GRIP and NGRIP ice cores ) and the Talos Dome ice core (Montagnat et al., 2012) , and contradicts the results obtained by Lomonaco et al. (2011) from sparse fabric measurements performed in the top 120 m of a firn core drilled at Summit, with the electron backscattering technique. The slightly clustered fabrics measured in the NEEM firn, which can not be explained by the level of strain reached at these depths (Montagnat et al., 2012) , may be associated with fabric evolution mechanisms that could occur during firnification, in the upper hundred meters of the ice sheet. Further studies of fabric evolution in snow and firn are therefore necessary to better understand these observations, The Cryosphere, 8, 1129-1138, 2014 www.the-cryosphere.net/8/1129/2014/ in particular to evaluate the possibility of a link between initial fabric and climatic conditions (Riche et al., 2012) . Similar to the observations made along most of the deep Greenland and Antarctic ice cores, the c axis orientation strengthening along the NEEM core is far from being monotonous. Indeed, a sharp increase in the strengthening rate is concomitant with the climatic transition between the Holocene and the Wisconsin periods. This transition is also characterized by a strong variation in the dust content, as observed along various Greenland ice cores (Steffensen et al., 2008) . Therefore, following Paterson (1991) we could attribute the change in strengthening rate to some feedback between changes in ice viscosity from Wisconsin to Holocene ice, and the impact of a shear component of stress. The influence of a non-negligible shear component of stress is necessary to explain the strong c axis clustering observed in the range of 1800-2000 m depth (Azuma and Higashi, 1985; Paterson, 1991; Alley, 1992; Thorsteinsson et al., 1997) .
This hypothesis is strengthened by the comparison performed in Sect. 3.2 between the three cores, GRIP, NGRIP and NEEM in terms of fabric and strain rate. The three ice cores are located along the same ridge, departing from a dome configuration at the summit of the ice sheet, Fig. 1 .
The fabric profile along the GRIP ice core is the most monotonous (Fig. 4) , with no obvious abrupt changes at the onset of the Holocene, although a strong variation in the grain size evolution was measured at this transition (Thorsteinsson et al., 1997) . GRIP is located near the dome where uniaxial compression is expected to dominate (vertical compression and uniform extension in the horizontal directions). Thorsteinsson et al. (1997) assumed an effect of simple shear deformation between 2850 and 2950 m depth where the fabric becomes highly clustered. The highly clustered fabrics alternate with more open ones from about 2800 m depth, together with a grain size increase explained by the influence of dynamic recrystallization mechanisms (Thorsteinsson et al., 1997) . From the estimation of strain-rate evolution with depth along this core (Sect. 3.2), vertical strain rate only becomes dominant after about 2400 m depth, far below the climatic transition (∼ 1620 m), where we observe no abrupt fabric transition.
At NGRIP, we observe a progressive strengthening of the fabric below about 2300 m depth, close to the depth where we estimate the shear strain rate to become dominant (Fig. 6) . Similar to what is found for GRIP, the climatic transition is located much higher in the core (∼ 1500 m depth) and it is not coincident with a change in the fabric strengthening. Whereas at NEEM, the shear strain rate becomes dominant at an estimated depth of about 1650 m, which is very close to the climatic transition (∼ 1420 m). From this comparison, we can confirm that a change in ice viscosity (due to a climatic transition) should be associated with a dominant shear strain state in order to induce a sharp strengthening of fabric. The origin of the change in ice viscosity with the HW transition could not be identified here, but could likely be due to a variation in initial fabric at or close to deposition, and/or the variation of dust content.
The strain-rate estimation presented in Sect. 3.2 does not consider strain state in the horizontal dimensions, the lateral extension, as it would be more difficult to estimate without precise topographic records. The location along a ridge can induce an evolution of the fabric toward a girdle type, which characterizes pure shear deformation with a dissymmetry of the horizontal extension (Lipenkov et al., 1989; Bargmann et al., 2011; Faria et al., 2014) . Along the NGRIP ice core, a mild vertical girdle-type pattern is evidenced by the increase of the a (2) 2 eigenvalue compared to a (2) 3 , from 500 m depth down to about 2500 m. Below this depth, the fabric progressively clusters again toward a single maximum by the bottom of the core (Fig. 5) . A vertical girdle pattern is also observed along the NEEM core but less pronounced, and only down to the HW transition. Such a difference could likely be attributed to a higher asymmetry of the lateral extension at NGRIP compared to NEEM, where the ridge is sharper (Fig. 1) . However, this lateral extension effect on fabric could also be counteracted, at NEEM, by the dominating shear strain state below 1650 m depth.
Fabric and microstructure signals in the bottom part of the NEEM core present a high variability, in the area where evidence of folding was given by Dahl-Jensen et al. (2013) (Sect. 3.3) . The abrupt variations in the microstructure and fabric signals are in agreement with the stratigraphical reconstruction performed by Dahl-Jensen et al. (2013) . Such a folding configuration, which is typically observed at the base of glaciers and ice sheets where temperature and/or stress gradients are increased (Gow and Williamson, 1976; Herron and Langway, 1982; Budd and Jacka, 1989; Thorsteinsson et al., 1997) has been observed at the base of the GRIP ice core, but not at the base of the NGRIP core. The comparison between the three cores therefore highlights the influence of the basal temperature and the shear component of stress on the thinning and the folding of the bottom layers.
Conclusions
This paper presents the overall features of the fabric data measured in the field, every 10 m along the NEEM ice core, Greenland. The main observations are the following:
i. Similar to what was observed along other deep ice cores, the initial fabric, measured from 33 m depth downward, is not isotropic and may therefore be associated with fabric evolution during firnification.
ii. Down to about 1500 m depth, the fabric evolves toward a single maximum, with a slight girdle tendency. This is coherent with the position along a ridge, characterized by a vertical compression and a slight asymmetry in the horizontal extension. iii. A sharp fabric strengthening is measured at the Holocene-Wisconsin transition, with a maximum reached at about 1800 m depth, and maintained down to 2300 m depth. From the comparison with the GRIP and NGRIP ice cores extracted along the same ridge, we associate this strengthening to the viscosity change due to climatic transition, together with a dominant shear strain state. This is coherent with the feedback described by Paterson (1991) between ice viscosity changes, and the impact of shear on the ice flow.
iv. Deeper in the ice core, the local variations of fabric and grain size support the folding hypothesis of Dahl-Jensen et al. (2013) and the suggested layering reconstruction.
v. The first-order comparison made with the GRIP and NGRIP ice cores could therefore be helpful to constrain ice flow modeling along the ridge from GRIP to NEEM and onwards to Camp Century.
